We report a multiscale modeling of electronic structure of a conducting polymer poly(3,4-ethylenedioxythiopehene) (PEDOT) based on a realistic model of its morphology. We show that when the charge carrier concentration increases, the character of the density of states (DOS) gradually evolves from the insulating to the semimetallic, exhibiting a collapse of the gap between the bipolaron and valence bands with the drastic increase of the DOS between the bands. The origin of the observed behavior is attributed to the effect of randomly located counterions giving rise to the states in the gap. These results are discussed in light of recent experiments. The method developed in this work is general and can be applied to study the electronic structure of other conducting polymers.
I. INTRODUCTION
Conductive polymers exhibiting novel properties typically not available in inorganic materials constitute a cornerstone for a new promising technological platform for electronic devices [1] [2] [3] . Nowadays, poly (3,4-ethylenedioxythiopehene) or PEDOT has been the most studied conducting polymer due its high electronic (hole) conductivity (1000-4000 S/cm) [4] [5] [6] , room-temperature stability [7] , and remarkable thermoelectric properties with the highest figure of merit for organic materials [8] [9] [10] [11] . Given the temperature dependence of conductivity σ (σ increases with the temperature T ) and the high degree of inherent disorder, it is generally accepted that the transport in doped conductive polymers is mediated by phonon-assisted hopping between the localized states [12] [13] [14] [15] [16] [17] [18] . These states are associated with singly (polaron) or doubly (bipolaron) positively charged defects (geometrical distortion of the chains) forming due to the strong electron-phonon coupling. The polarons or bipolarons are balanced by the negative counterions introduced during the synthesis.
During recent years, there has been tremendous activity aimed at understanding the electrical transport in PEDOT and its relationship with electronic structure and morphology [4, [12] [13] [14] 19, 20] . Because the conductivity is directly related to the density of states (DOS) [14] , one of the major challenges in understanding the transport properties can be traced back to the understanding of the DOS. It is remarkable that despite the fundamental importance of this issue, there has been no theory providing a microscopic description of the DOS in realistic PEDOT and related conducting polymers.
The challenge of the description of electronic properties of realistic polymeric thin films is that it requires multiscale modeling, encompassing an angstrom scale defining the nature of charged states (bipolarons or polarons) and nanometer scale representing the complex morphology of the system at hand. Besides, this task requires approaches capable of calculating the electronic properties of systems consisting of hundreds * william.armando.munoz@liu.se † igor.zozoulenko@liu.se or thousands of atoms, which far exceeds the capabilities of standard quantum-mechanical packages. So far, the electronic properties of PEDOT and related conducting polymers have been studied on the basis of largely oversimplified models such as single polymeric chains [21] [22] [23] [24] or infinite perfect periodic crystals [25] [26] [27] . None of these models are in a position to capture the morphology and the DOS of realistic PEDOT thin films. In the absence of theoretical models, researchers usually rely on phenomenological models for DOS such as Gaussian or exponential disorder [13, 28] .
Recently, Bubnova et al. [4] reported a semimetallic behavior in PEDOT as manifested in its electrical conductivity and thermopower. The authors speculated about the possible evolution of the band structure, suggesting that the bipolaron band merges into the delocalized valence band, but no theory explaining this remarkable behavior has been proposed so far.
In this paper, we provide a microscopic description of the band structure and the DOS of realistic PEDOT based on the multiscale modeling using ab initio, molecular dynamics, and semiempirical calculations. Note that even though the calculations are performed for PEDOT, our results can be used to understand the trends in the electronic structure of other widely studied conducting polymers, such as polythiophenes and polyphenylene vinylene.
II. MODEL AND METHODS
In order to construct a realistic model of doped PEDOT thin films, it is important to understand the basic features of their morphology. Grazing incidence wide-angle x-ray scattering (GIWAXS) represents a powerful technique for the structural characterization of polymers [4, 18, 29, 30 ]. An interpretation of the scattering pattern emerging from the GIWAXS measurements is that the the PEDOT films are polycrystals consisting of (mono)crystallites embedded in an amorphous matrix. A broadening of the scattering peaks suggests that each crystallite typically consists of 3-15 π -π stacked PEDOT chains. In order to verify this picture, we performed molecular dynamics (MD) simulations of the PEDOT morphology. (A brief description of the MD simulations is given in Appendix A.) The MD simulations show that PEDOT chains are stacked in crystallites surrounded by randomly distributed counterions; see Fig. 1(a) . The crystallites are linked by interpenetrating PEDOT chains or π -π connections between chains belonging to different crystallites. This apparently leads to a formation of percolative paths through the whole crystal which can support a good conductivity.
Based on the GIWAXS data as well as on our MD simulations, we model the material as a polycrystal consisting of crystallites, as depicted in Fig. 1(b) . Each crystallite is composed of five π -π stacked PEDOT chains of a finite length of 12 monomer units. The stacking configuration is obtained from the density functional theory (DFT) calculations. Concerning the nature of charge carriers (polarons vs bipolarons), for the case of PEDOT there is a clear evidence of the spinless character of carriers, indicating that doping occurs mostly via bipolarons with a negligible fraction of spin per monomer related to polarons (the latter has a spin 1/2) [4] . We create bipolarons in the crystallite by removing N e electrons from the higher energy levels. To keep the electroneutrality, N e negative point charge counterions −e are randomly distributed around the crystallite. The band structure of the polycrystalline PEDOT is obtained by averaging of the DOS over many crystallites corresponding to different configurations of counterions (typically 1000 samples).
Since a size of a crystallite is prohibitively large for the DFT calculations, we calculate the crystallite's band structure using a semiempirical Hamiltonian for interacting π electrons, which is parametrized using the DFT calculations and the experimental data for the PEDOT band-gap energy,
The first two terms correspond to the Su-Schrieffer-Heeger (SSH) Hamiltonian for a single chain [31] ; the electronic part is described by the standard tight-binding Hamiltonian:
where c † iσ and c iσ are the creation and annihilation operators at the site i with the spin σ , and the hopping integral is defined by the semiempirical relation t ij = t 0 exp[−α(u ij − u 
where α = 2.9Å −1 , and the spring constant K ij = βt ij is related to the hopping integral by the parameter β = 7.71Å −1 .
The interchain hopping due to the π -π interaction is given by = 0.32 eV is the interchain nearest-neighbor hopping integral. A cutoff for the interchain hopping is defined here as r cutoff = r π−π + 5δ, with r π−π = 3.43Å being the π -π stacking distance, and δ = 0.45Å.
The electron-electron interaction is included by means of the extended Hubbard Hamiltonian,
where the operator n iσ = c † iσ c iσ , and U 0 = 2.2 eV. We adopted a Hubbard-Ohno potential to model intersite electronelectron interaction, which is expressed according to [32, 33] 
where r ij is the interatomic distance between the ith and j th sites. The value of scale parameter R 0 is set to the averaged C-C distance r C-C = 1.38Å for the interacting orbitals in the same chain, and to r π−π for interaction between the orbitals in the adjacent chains. The last term in the Hamiltonian (1) corresponds to the electrostatic potential due to the counterions,
The interaction between the counterions and the atomic orbital at the position r i is modeled by a screened Coulomb potential [32] ,
where the summation is carried out over N e counterions located at the random positions r j , and the relative permittivity of PEDOT is set to = 3.5. [27] . The inter-and intrachain screening is, respectively, γ inter = 1.2 and γ intra = 0.65. The chosen crystallite size corresponds to N = 420 atomic sites, thus giving rise to 2N energy levels for N π-electrons in each crystallite (factor 2 accounts for spin; each monomer contains seven π -electrons corresponding to four C atoms in the backbone, two S, and one O atom). We solve selfconsistently for the Schrödinger equation with Hamiltonian (1) by minimizing the total energy with respect to the bond displacements u ij . Details of the minimization procedure along with a description of a parametrization are provided in Appendices B and C, and the values of all parameters used in Eqs. (1)- (6) are listed in Table I . is worth mentioning that the electronic density is primarily localized at carbon atoms of the backbones.
III. RESULTS AND DISCUSSION
Let us now turn to the electronic structure of polycrystallite PEDOT film focusing on bipolaron and valence bands. (Because the bipolarons represent holes, the transport in the system is due to hopping of bipolarons via the states in the valence band.) For a given concentration n e , the DOS is obtained by averaging over many DOS of individual crystallites with different counterions distribution (sample realization). Figure 3 shows that the gap E g between the bipolaron and valence band closes as the carrier concentration increases. (The gaps for the polycrystallite and E HOMO and E LUMO are calculated by averaging the corresponding values for individual crystallites for the same ensembles as used for the DOS calculations). The gap decreases by a factor of two when the carrier concentration is increased from 4% to 40%. Note that the gap between the bipolaron band and the conduction band completely closes already at n e = 10%. The density of states in the gap increases drastically (by a factor of 10) when the carrier concentration increases to 40%. These features of the band structure of polycrystallite PEDOT can be easily understood from the above analysis of the DOS for individual crystallites. Indeed, when the concentration increases, the bipolaron band widens as more states are pulled into it, which results in the decrease of the gap between the bipolaron and valence bands and closing the gap between the bipolaron and conduction bands. A drastic increase of the DOS in the gap between the bipolaron and valence bands is related to the states emerging in the gap due to a disordered character of a potential landscape, as discussed above in Figs. 2(b) and 2(c) .
Another pronounced feature of the DOS of (poly)crystallite PEDOT is its nonmonotonous character showing the presence of bumps and shoulders. The bumps/shoulders in the DOS can be attributed to the manifestation of the shell structure of individual crystallites, which has the same origin as the shell structure of atoms or few-electron quantum dots [35] . Arrows in Fig. 3(b) show an evolution of three representative bumps in the valence and the conduction band: the bumps in the valence band gradually disappear, whereas the bumps in the bipolaron band grow as the charge concentration increases. This behavior, as discussed above, is caused by moving states from the valence and conduction bands into the bipolaron band. Note that the presence of the bumps in the DOS leads to a nonmonotonic dependence of E g as a function of the charge density, as shown in Fig. 3(d) .
Our findings revealing the bumpy structure in the DOS can explain the experimental results showing the nonmonotonic behavior of the DOS in PEDOT and related polymers as revealed in studies using the ultraviolet photoelectron spectroscopy [36] , conductivity and the Seebeck coefficient [37] , and by cyclic voltammetry [38] . Figure 3 (c) shows a comparison of the calculated DOS with commonly utilized Gaussian and exponential models of the DOS in conducting polymers. Apparently, the calculated DOS is described by neither Gaussian nor exponential dependence because of its bump structure and because it is essentially nonzero in the gap, as discussed above. In addition, the calculated DOS changes as n e varies, a fact which is disregarded in the commonly used models of the DOS [13] . Despite the not strictly monotonic character of the DOS, we can still extract a rough estimate of the broadening, σ DOS ≈ 0.1 eV [see Fig. 3(c) ], which is in good agreement with the corresponding value extracted from the experiments [12, 14] .
Let us now discuss the electron localization in the crystallites. It is measured by the inverse participation ratio defined as
2 , where C ij are the expansion coefficients of the wave function at the site j for the ith molecular orbital [39] ; see . To understand the calculated IPR, we first note that for a bipolaron in a single chain, IPR bp = 0.054, which corresponds to the delocalization over six monomer units (i.e., over m ≈ 24 carbon atoms in a backbone; see Fig. 5 ). The case of n e = 4% in Fig. 4 corresponds to one bipolaron in a whole crystallite. The calculated IPR for states in the bipolaronic band (E > E LUMO ) is smaller than IPR bp , which means that π -π stacking enhances the delocalization of the bipolaron. As the charge concentration increases, the delocalization of bipolarons further increases, which we attribute to the effect of electron interaction leading to the Coulomb repulsion between bipolarons. For n e = 34%, bipolarons are delocalized over m ≈ 1 IPR ≈ 50 atoms. Note that a typical state is delocalized over more than one chain in a crystallite, which is illustrated in the inset to Fig. 4 
FIG. 4. Inverse participation ratio (IPR) for different carrier
concentrations n e = 4%, 18%, and 34%. The curves are averaged; gray dots represent data for n e = 34% for 1000 configurations. Dashed lines indicate the averaged highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy for each case. A horizontal line shows the IPR for one bipolaron on a single chain. The inset shows the electronic localization of a bipolaron state in a representative crystallite for n e = 34%.
These findings combined with the behavior of the DOS discussed above support the conclusions of Bubnova et al. [4] concerning the possibility of semimetallic behavior in highly doped PEDOT polymers. Indeed, we find that when the carrier concentration increases, the band structure gradually evolves from the insulating to the semimetallic character, showing a collapse of the gap between the bipolaron and valence bands with a drastic increase of the DOS in it. It is also worth noting that for high electron densities, the band structure exhibits a characteristic V-shaped profile typical of semimetals. These changes in the band structure are accompanied by a formation of a network of strongly delocalized and therefore highly overlapping current-carrying states in the valence band that can efficiently transport holes.
We stress that in our study, we calculate the electronic structure and do not focus on transport properties of the system at hand. The latter are strongly dependent not only on the DOS, but on the morphology of the system, in particular, how efficient individual crystallites are connected by percolative transport paths. As crystallites are believed to be embedded into an amorphous phase, the conductivity of the (poly)crystallic system can be limited by hopping transport in the amorphous phase. We speculate that the PEDOT systems exhibiting semimetallic behavior in Ref. [4] correspond to morphologies where the amorphous regions no longer represent the limiting factor governing the conductivity.
Finally, it is noteworthy that the insulator to semimetallic transition in PEDOT can be defined as disordered driven because it takes place when the concentration of disorder (i.e., randomly distributed counterions oxidizing the polymer) increases. This is apparently strikingly different from the case of metals or two-dimensional electron gases (2DEGs), where instead the disorder drives the system from metallic into an insulating state. It should be noted, however, that the increase of the disorder concentration in conducting polymers is accompa-nied by an increase of the carrier density, whereas in the metals or 2DEG systems, the density is not affected by disorder.
IV. CONCLUSIONS
Among all conducting polymers, PEDOT or poly(3,4-ethylenedioxythiophene) has a special place because it plays the same role in organic electronics as silicon in the semiconductor industry. Realistic PEDOT films are neither periodic crystals nor completely amorphous structures. Because of the complexity of their morphology, the microscopic understanding of the electronic structure and the density of states are still missing. In the present work, we account for the nature of charge carriers and complexity of morphology in realistic PEDOT films from the angstrom to the nanometer scale and provide a microscopic description of its electronic structure using multiscale modeling employing ab initio, molecular dynamics, and semiempirical calculations. The method developed in this work is general and can be applied to study the electronic structure of other conducting polymers. We start with molecular dynamics simulations and use available experimental data to develop a model for PEDOT morphology. We then develop a semiempirical approach capable of calculating the electronic properties of a system consisting of thousands of atoms, with parameters of this approach being obtained from the ab initio calculations. Using the developed methodology, we calculate the electronic structure of realistic PEDOT. We show that when the charge carrier concentration increases, the character of the DOS gradually evolves from insulating to semimetallic, exhibiting a collapse of the gap between the bipolaron and valence bands with a drastic increase of the DOS between these bands. The origin of the observed behavior is attributed to the effect of randomly located counterions giving rise to the states in the gap. Our findings support the conclusion of a recent experiment by Bubnova et al. [4] on semimetallic behavior of highly doped PEDOT polymers. It is noteworthy that the mechanism of the semimetallic transition in PEDOT is strikingly different from the one of metals or two-dimensional electron gases. In the latter case, the disorder drives the system into an insulating state. In contrast, in PEDOT, the disorder in the system (i.e., randomly distributed counterions oxidizing the polymer) drives the system into a semimetallic state. A pronounced feature of the DOS of realistic PEDOT is its nonmonotonous character showing the presence of bumps and shoulders. The bumpy structure in the calculated DOS can explain the experimental results showing the nonmonotonic behavior of the DOS in PEDOT and related polymers as revealed in studies using the ultraviolet photoelectron spectroscopy [35] , conductivity and the Seebeck coefficient [36] , and by cyclic voltammetry [37] . We find that the calculated DOS in a doped PEDOT is not well described by Gaussian or exponential dependencies (often used in phenomenological models) because of its bump structure and because it is essentially nonzero in the gap. 
APPENDIX A: CLASSICAL MOLECULAR DYNAMICS
Classical molecular dynamics simulations were performed in order to obtain realistic morphology and crystal configurations of PEDOT with tosylate (TOS) molecules serving as counterions. Polymer chains of a length of 12 monomers were used in the calculations and a charge carrier concentration was set to 33% (corresponding to a pristine PEDOT). A number of positive charges on the PEDOT chains was equal to the number of negative TOS counterions. The partial charges per atom in the PEDOT chains were calculated using the ab initio DFT functional WB97XD [40] with the 6-31 + g(d) [41] basis set and fitting to electrostatic potential (ESP) [42] as implemented in the Gaussian suite [43] . PEDOT chains and TOS molecules were solvated in water with a concentration of water 13% w.t. All of the molecules were initially randomly placed in a solvent box and the system was described by the all-atom force field GAFF and a model SPC/E for water. The system was then minimized and equilibrated for 20 ns production run [44, 45] using the LAMMPS package [46] . As a result, the crystal nucleation takes places in the solution such that well-defined crystallites of PEDOT:TOS are obtained, as shown in Fig. 1 of the main text. Counterion molecules are found to be both side oriented to the PEDOT chains and situated above and below the upper and lower chains in the crystallite.
APPENDIX B: SEMIEMPIRICAL MODEL: MINIMIZATION OF THE TOTAL ENERGY
The Hamiltonian given by Eq. (1) for π -electrons defines a tight-binding lattice consisting of N = 420 atomic sites. (A crystallite is composed of five PEDOT chains, each consisting of 12 monomers. Each monomer contains seven π -electrons corresponding to four C atoms of the backbone, two O atoms, and one S atom.) We first diagonalize the Hamiltonian (1) and calculate the expansion coefficients C nl of the wave function of the lth molecular orbital at the atomic site n. We then compute the total energy corresponding to the Hamiltonian (1) as follows [24, 32] : 
where P σ nm is the element of the density matrix given by
with n σ l = 0,1 being the occupation number of the (l,σ )th orbital. Minimization of the total energy with respect to u nm is done for all sites (n,m) in the Hamiltonian (1) according to ∂E T /∂u nm = 0, which leads us to the following self-consistent solution for the ground-state geometry (i.e., bond-length distances u nm ),
This procedure (including the diagonalization of the Hamiltonian) is repeated until the self-consistent solution for the ground-state geometry corresponding to a predefined convergency condition is reached. (The convergency is assumed to be achieved when the difference in the bond length u nm for two consecutive steps is less than 10 −5Å
.) Finally, the density of states is calculated for the ground-state geometry by using a standard tridiagonalization procedure.
The last term in Eq. (B3) contains derivatives of the density matrix elements. Since these derivatives are supposed to be zero once the system has reached the equilibrium, the last term in Eq. (B3) can be safely neglected [47] . Note that a contribution of the terms corresponding to interlayer hopping as well as to electron-electron and electron-ion interactions is not included in Eq. (B3) because they are much smaller than the terms corresponding to intralayer hopping and electronphonon coupling.
APPENDIX C: PARAMETRIZATION OF THE SEMI-EMPIRICAL HAMILTONIAN USING DFT CALCULATIONS

DFT calculations
The DFT calculations are performed using the GAUSSIAN (G09) package [43] . Structural optimization of the PEDOT chains was done with hybrid exchange-correlation functional B3PW91 [48, 49] and basis set 6-31 + G(d) [41] , with diffuse and polarization functions on all atoms. The empirical dispersion correction is added by the D3 version of Grimme's dispersion with Becke-Johnson damping [50] . In our study, we use Cl − 3 as counterions since they do not form covalent bonds [51] to the PEDOT backbone and charge transfer from PEDOT backbone to Cl ) and found that the calculated electronic structure is practically insensitive to the choice of a counterion.
Parametrization of the Hamiltonian
The parametrization of the semiempirical Hamiltonian, given by Eq. (1), using the DFT calculations was performed in three consecutive steps:
First step. Single undoped chain: determination of t 0 , α, and β. We start with a single undoped PEDOT chain to parametrize the values of the hopping integral t 0 and the electron-phonon coupling constants α and β in Eqs. We obtain the following values: t 0 = 2.46Å, α = 2.9Å −1 , β = 7.714Å −1 , which are close to the corresponding values reported for related polymers such as polythiophene [24] . For the on-site energies, we use values previously published in the literature [34] , ε O 0i = −5.46 eV, ε S 0i = −2.85 eV, and ε C 0i = 0 eV, for the oxygen (O), sulfur (S), and carbon (C) atoms, respectively. Note that parameters t 0 , α, and β are rather insensitive to the choice of the on-site energies for oxygen and sulfur atoms. This is because for these values of ε 0i the molecular orbitals are primarily localized on the carbon atoms; see Figs. 5 and 6 for illustration.
Second step. Single doped chain: determination of γ (intrachain) and U 0 . For the determination of the parameters describing the Coulomb interaction and screening within the same chain, we consider a single chain containing one bipolaron (i.e., the total charge +2e) in the presence of two negative counterions. Figures 5(a) and 5(c) show the molecular orbital for the lowest bipolaron state and the band structure for a PEDOT chain according to the DFT calculations. We choose the screening parameter γ and the on-site Coulomb interaction U 0 to match the energy distance between the highest occupied molecular orbital (HOMO) and the lowest bipolaron state, and the energy distance between the two bipolaron states, as well as to match the localization length of the bipolaron in the chain. The best agreement is achieved for U 0 = 2. , we consider two π -π stacked chains with a total charge +4e in the presence of four counterions, as illustrated in Figs. 6(a) and 6(f). We assume that the values of the parameters determined at the previous steps can be used for the π -π stacking structure as well. Figures 6(b)-6(d) show the molecular orbital of the lowest bipolaron state and the band structure for two π -π stacked chains according to the DFT calculations. The interchain coupling causes a hybridization of the bipolaronic state, leading to its localization in both chains. The parameters γ (interchain) and t π−π 0 are determined by matching the energy distance between the HOMO and the lowest bipolaron state, and by matching the energy distance between bipolaron states. A stacking configuration used in the semiempirical calculations was obtained from the geometry optimization given by the DFT calculations. The best agreement is achieved for γ (interchain) = 1. 
